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Abstract 
Directly expanded breakfast cereals were processed with a single screw extrusion-cooker TS-45 with L:D=16:1 at screw 
speed 120 rpm, shaped on the circular open die 2 mm in diameter. Wholegrain wheat flour in amount of 50, 60 and 70% of total 
mass was the basic raw material, additionally corn grit, rice flour, cocoa and sugar were used. The initial moisture content of raw 
materials was set to 17, 20 and 23%. Processing conditions, like process efficiency and energy consumption, as well as selected 
physical properties, like the expansion ratio, bulk density, water absorption and solubility indexes were tested. Texture profile 
with Ottawa cell for hardness, adhesiveness and chewiness, and sensory characteristics of breakfast cereals were evaluated. 
Higher wholegrain wheat flour content in the recipe and higher moisture of raw materials lowered energy consumption during 
extrusion-cooking of breakfast cereals. The expansion ratio, water absorption and solubility index values lowered with higher 
initial moisture content of raw materials. Increased moisture level before the extrusion-cooking increased bulk density and 
textural parameters, like hardness and chewiness of prepared for consumption breakfast cereals. Process management of extruded 
breakfast cereals according to various recipes and processing conditions allows creating desirable quality of final products. 
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1. Introduction 
Breakfast cereals play an important role in the diet and ensure the proper organism functioning e.g. nervous 
system and gastrointestinal tract (Frame 1994). Directly expanded breakfast cereals, next to müsli or conventional 
flakes, are the most popular type of breakfast products, especially in the Western countries. Wholegrain flour is an 
important source of dietary fiber in the diet, which is responsible for improving the function of gastrointestinal tract 
and affects the human cardiovascular system. Dietary fiber makes it easier to prevent obesity and give a satiety 
filling (Kaur et al. 2012). Consumption of wholegrain products improves the metabolism, reduces fat absorption by 
the human body and reduces the level of bad cholesterol in the blood (Ghattas et al. 2008; Marquart et al, 2006). 
Wholegrain foods consumption may effect on decreased risk of cardiovascular disease and certain cancers, favorable 
affects on blood lipids and glucose, improves insulin resistance, and higher intakes of dietary fiber and other 
nutrients (Jacobs et al. 1998; Franz and Sampson 2006; McKeown et al. 2002). Dietitians suggest to complement the 
diet of wholegrain products, which provide not only valuable digestive fiber, but also because of the presence in 
these products the large quantities of vitamins, particularly B group, vitamin E and the macro- and micronutrients, 
like selenium, zinc, copper, magnesium (Schneeman 1998; Slavin et al. 2001). Wholegrain foods contain also 
phytochemicals such as antioxidants, phenols, phytoestrogens and fermentable carbohydrates such as dietary fiber, 
resistant starch or oligosaccharides, which may be associated with cholesterol lowering, cardiovascular disease 
protection and cancer risk decreasing as well as bioactive nutrients that can play a role in protecting against chronic 
diseases (Adom et al. 2005; Baublis et al. 2000; Jones 2006; Hirawan et al, 2010; Likes et al. 2007). However, 
regardless of these benefits, the consumption of wholegrain products remains below the daily recommendations 
(O’Neil et al. 2010). That’s the reason of developing of new kinds of products i.e. enriched breakfast cereals 
containing wholegrain flour, bran or germs (Franz and Sampson 2006; Zainuddin et al. 2014). Supplementation of 
extruded products with wholegrain flour instead of purified bran addition is a cost-efficient way of increasing dietary 
fiber content in these products. Extrusion-cooking of breakfast cereals is much easier and cheaper in processing 
compare to the conventional ones and many various components may be incorporated in the recipe (Brennan et al. 
2008; Mościcki and Moster 2011; Mościcki and Wójtowicz 2011, Oniszczuk et al. 2014; Wójtowicz and Mościcki 
2014).  
The aim of the study was the evaluation of effect of wholegrain wheat flour level and initial moisture content on 
processing efficiency, energy consumption, physical properties, texture and sensory profile of extruded breakfast 
cereals. 
2. Materials and Methods 
2.1. Materials and extrusion-cooking  
Breakfast cereals composition is presented in the Table 1. The main component was the wholegrain wheat flour 
(Lubella S.A, Lublin, Poland), additionally corn grit, rice flour, cocoa and sugar (from local market) were used. Raw 
materials were moistened up to 17, 20 and 23% of moisture content by proper amount of water added, mixed and 
rested for 1 h. Breakfast cereals were processed with modified single screw extruder TS-45 (ZMCh Metalchem, 
Gliwice, Polska) with L:D=16:1, compression ratio 3:1, with 2 opens forming die 2 mm in diameter each. Extrusion-
cooking was carried out at the temperature ranged 130-145°C with constant 120 rpm screw speed. Process 
efficiency and energy consumption as SME calculations were evaluated during the extrusion-cooking (Mitrus et al. 
2010). After processing extrudates were cooled down and stored at room temperature in closed plastic bags.  
Table 1. Composition of extruded breakfast cereals 









I 50 20 20 5 5 
II 60 15 15 5 5 
III 70 10 10 5 5 
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2.2. Extrudates properties  
The expansion ratio of directly expanded extrudates is an important factor of its quality and should be as great as 
possible, according to the consumers’ preferences. The radial expansion index was evaluated in 10 replications as a 
ratio of extrudates’ diameter to the diameter of the forming die (Wójtowicz and Mościcki 2014). Bulk density of the 
products was tested in five replications according to ASAE Standard (ASAE S269.3:1989) as mass of the sample 
volume (kg.m-3). Water absorption index (WAI) and water solubility index (WSI) were determined according to 
Mitrus et al. (2010). WAI was calculated as weight of gel obtained after centrifugation to amount of dry sample. WSI 
was calculated as percentage of residues from supernatant to dry sample mass. Tests were performed in triplicate. 
Universal testing machine Zwick BDO-FB0.5TH (Zwick GmbH & Co., Germany) was used for texture evaluation. 
Selected parameters of ready to eat breakfast cereals were analyzed using Ottawa cell with circular opens at the 
bottom (Bourne 2002). 10 g of extrudates after 5 minutes of preparation with 200 mL of water (20°C) and warm 
milk (60°C) were placed in the chamber and tested with a head speed 100 mm.min-1 under double-compression test 
cycle. The hardness, the adhesion and the chewiness were calculated with testXpertII®v3.3 from data recorded 
during the tests as means of triple measurements. Sensory characteristics of breakfast cereals: shape, color, flavor, 
taste, consistency, and overall quality, were evaluated after 5 min of preparation with warm milk. A 15-member 
semi-trained panel judged products in a 5-point scale (1—for weak, 5—for very good). Overall quality of each 
sample was evaluated as mean of sensory characteristics (Wójtowicz et al. 2013).  Products were considered as 
acceptable if their mean scores for overall quality were above 3.5. 
3. Results and Discussion 
Process efficiency registered during the extrusion-cooking of wholegrain wheat based breakfast cereals was the 
highest for recipe III with 70% of wholegrain flour and increased according to increase of initial moisture content of 
raw materials (Fig. 1a). This tendency was observed for each recipe irrespective on wholegrain wheat level. For the 
highest process efficiency, it was observed the lowest specific mechanical energy consumption and high correlation 
was evaluated for this trend (-0.939). Values of SME ranged from 0.15 kWh.kg-1 when processed recipe III with 
23% of moisture content up to 0.23 kWh.kg-1 for recipe I and 17% of m.c. of raw materials (Fig. 2b). So, application 
of the high amount of wholegrain wheat flour made processing of breakfast cereals efficient with low energy 
consumption during single screw extrusion-cooking.  
The results of radial expansion ratio of extruded breakfast cereals are presented on the Fig. 2a. It was observed 
for products processed at 17% of initial moisture content the highest expansion ratio with 3.5 in result for recipe I 
based on 50% of wholegrain wheat flour. The lowest values were recorded for samples processed at the highest 
moisture content of raw materials 23%, both for II and III recipe. It was concluded the expansion ratio mainly 
depended on initial moisture content of raw materials used, the higher moisture was applied, the lower expansion of 
extrudates were observed with high correlation coefficients (-0.89, -0.93, -0.98 for I, II and III recipe, respectively). 
An amount of basic wholegrain wheat flour had a lower impact on products expansion ratio, but combination of 60 
or 70% of wholegrain wheat flour in the recipe with the highest moisture content applied resulted in the lowest 
expansion ratio of products. This is in agreement with results presented by Liu et al. (2000) for oat-corn extrudates 
processed with twin-screw extruder, Ryu and Ng (2001) for wheat flour and cornmeal extrudates and Singh et al. 
(2007) for rice-pea extrudates processed with single-screw extruder. The initial moisture content of raw materials 
had a strong impact on bulk density of breakfast cereals. Increasing of water added resulted in increasing the values 
of bulk density form 110 kg.m-3 at 17% m.c. up to 330 kg.m-3 at moisture content of 23% (Fig. 2b). This is in 
accordance to data presented by Garg et al. (2010) and Singh et al. (2007). The lowest amount of wholegrain wheat 
flour resulted in lower than others values of bulk density. Low bulk density suggests good porosity and aeration of 
extrudates structure, which is desirable mainly in snack foods (Mościcki et al. 2007; Wójtowicz et al. 2013). 
According to breakfast cereals tested in the present study negative correlations of bulk density with chewiness of 
extrudates prepared with water (-0.84) and with warm milk (-0.89) were observed. Bulk density may vary from 80 
kg.m-3 up to 280 kg.m-3 and more, as presented by Jones et al. (2000) for commercial breakfast cereals.  
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Fig. 1. Process efficiency (a) and specific mechanical energy consumption (b) results of breakfast cereals processed with various recipes and 
initial moisture content. Test F results and p values (ANOVA) are presented for each recipe. 
     
 
Fig. 2. The expansion ratio (a) and bulk density (b) results of breakfast cereals processed with various recipes and initial moisture content. Test F 
results and p values (ANOVA) are presented for each recipe.  
 
The results of WAI and WSI measurements are presented on the Fig. 3. The highest WAI values (4.7 g.g-1) were 
reported for samples processed at 17% of m.c. with recipe I with the lowest amount of wholegrain wheat flour, 
which characterized porous structure, high expansion ratio and low bulk density. Increasing water addition to raw 
materials lowered WAI (cor. coef. -0.76) of these products. Samples with higher amount of wholegrain wheat flour 
in the recipe characterized lower values of WAI (Fig. 3a), which is in accordance to the results presented by Jones 
and others (2000), they concluded the WAI to be higher with higher starch content. WAI of extrudates processed with 
twin-screw extrusion as described by Geetha et al. (2012) ranged from 2.7 to 5.21 g.g-1 and were strongly affected by 
process conditions (temperature, screw speed and feed rate). Water solubility index is the amount of soluble 
polysaccharide released from the starch component after extrusion (Ding et al. 2006). WSI of tested samples lowered 
significantly with higher moisture content of raw materials processed with the extrusion-cooking (-0.96 and -0.98 
for recipe I and II, respectively). Only for products processed on the base of 70% of wholegrain wheat flour at the 
highest moisture content it was observed significant differences in WSI trend compare to extrudates based on 50 and 
60% of wheat flour (Fig. 3b). WSI values were correlated with the expansion ratio (0.70), bulk density (-0.75). At 
low moisture content of raw materials and a large amount of fiber in wholegrain wheat flour high values of WSI 
suggested insufficient integration of breakfast cereals components according to high amount of residues present in 
supernatant. WSI values, reported by Singh et al. (2007), increased with decrease in initial moisture content of raw 
materials for rice based extrudates.  
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Fig. 3. WAI (a) and WSI (b) results of breakfast cereals processed with various recipes and initial moisture content. Test F results and p values 
(ANOVA) are presented for each recipe. 
 
     
Fig. 4. Hardness of breakfast cereals prepared for consumption with: a) water, b) warm milk, processed with various recipes and initial moisture 
content. Test F results and p values (ANOVA) are presented for each recipe. 
 
Textural characteristics of prepared for consumption breakfast cereals involved the evaluation of hardness, 
adhesiveness and chewiness of extrudates with double compression test. On the Fig. 4 the results of breakfast 
cereals hardness prepared with water and warm milk hydration are presented. High correlation coefficients of 
hardness were calculated according to increased initial moisture content of raw materials with values of 0.97, 0.81 
and 0.95 for recipe I, II and III, respectively. More than three times higher results were noted for samples processed 
at 23% of m.c. than for 17% (Fig. 4a). These results are negatively correlated with expansion (-0.89) of products. 
The highest hardness was reported for breakfast cereals processed at 23% of m.c. with the highest level of 
wholegrain wheat flour in the recipe. Much lower hardness was observed for extrudates prepared with warm milk, 
values do not exceed 65 N, and differences between the samples were small (Fig. 4b). Breakfast cereals prepared for 
consumption by hydration with warm milk showed similar tendencies for recipe I and II with high correlation 
coefficients (0.98 and 0.89, respectively), only products processed with recipe III showed insignificant differences. 
During the tests of extrudates prepared with warm milk the hardness was more influenced by recipe, and increasing 
the amount of wholegrain wheat flour increased products hardness. 
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Fig. 5. Adhesion of breakfast cereals prepared for consumption with a) water, b) warm milk, processed with various recipes and initial moisture 
content. Test F results and p values (ANOVA) are presented for each recipe. 
 
     
Fig. 6. Chewiness of breakfast cereals prepared for consumption with a) water, b) warm milk, processed with various recipes and initial moisture 
content. Test F results and p values (ANOVA) are presented for each recipe. 
 
Adhesiveness results of prepared for consumption breakfast cereals processed from three different recipes with 
various initial moisture contents are presented on the Fig. 5, depend on the preparation method. When prepared with 
water adhesiveness of breakfast cereals was three times higher than for products prepared with warm milk. On the 
Fig. 5a, it is shown an adhesiveness increase of samples processed at 20% of initial m.c. compare to 17% and for 
recipe I and II slide decrease of adhesiveness was observed when the highest initial moisture was applied. 
Extrudates processed with recipe II showed continuous increasing of adhesiveness with increasing the moisture 
content of raw materials with high correlation coefficient (R2=0.89). Much clear dependencies were reported during 
the tests of breakfast cereals prepared with warm milk (Fig. 5b). For products processed with I and II recipe high 
correlation was noted according to increased moisture content of raw materials (0.92 and 0.93, respectively), but 
negative correlation was observed for test results achieved for recipe III: samples with the highest amount of 
wholegrain wheat flour in the recipe showed decrease of adhesiveness (-0.84) according to higher initial moisture 
content. Low values of adhesiveness were the results of low stickiness, but also much low chewiness of tested 
products after preparation with of warm milk. These results were strongly correlated with hardness of products 
prepared with milk (R2=0.82). 
The results of extruded breakfast cereals chewiness showed the main influence of initial moisture content of raw 
materials depend on preparation method. For processed samples increasing the moisture content resulted an increase 
of chewiness of final products prepared both with water (Fig. 6a) (R2=0.91-0.99) and with warm milk (R2=0.80-
0.93). The results of chewiness were highly correlated with the expansion ratio (-0.78) and bulk density (0.84). 
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Similar trends were noted when samples were prepared with warm milk (Fig. 6b), correlation coefficients were  
-0.80 for expansion ratio, and 0.89 for bulk density results. Applications of 17% of raw materials moisture content 
allowed achieving products with similar chewiness values both for water and warm milk preparation, significant 
differences were observed if 23% of initial m.c. was used; more than twice lower values were noted for these 
samples when prepared with warm milk. 
Sensory assessment was performed for ready to consumption breakfast cereals prepared with warm milk for 5 
minutes. The results of shape, color, flavor, taste and consistency and overall quality as the mean of results are 
presented in the Table 2. Analysis of results showed high correlation of sensory notes with the initial moisture 
content of raw materials, especially for recipe I (-0.95). Extrudates processed with 50% of wholegrain wheat flour in 
the recipe and processed with 17% of initial moisture content were the best noted for overall quality (mean 4.02). In 
the samples extruded with recipe I the decrease of overall quality notes with increasing the initial moisture content 
was observed. Increasing amount of wholegrain wheat flour in the recipes lowered the sensory notes of tested 
samples, but it was unclear dependencies for both the moisture content and wholegrain wheat flour amount in the 
recipe.   
Table 2. Sensory results of extruded breakfast cereals prepared with warm milk. 




17 4.2 4.3 4.0 3.3 4.3 4.02a 
20 4.1 3.9 3.5 3.3 4.2 3.80ab 




17 4.0 3.7 3.6 3.1 4.0 3.68bc 
20 3.9 3.8 3.4 3.2 3.8 3.62c 




17 4.0 4.1 3.6 3.1 4.1 3.78ab 
20 3.7 3.8 3.6 3.3 4.1 3.70b 
23 3.8 3.9 3.7 3.2 4.1 3.74b 
     (n=15), a-b Different superscript letters in the same column indicate significant difference, p<0.05 
4. Conclusions 
Process management of extruded breakfast cereals according to various recipes and processing conditions allows 
creating desirable quality of final products. Application of single-screw extrusion-cooking for processing of 
breakfast cereals in proposed parameters allows to process good quality of products containing 50-70% of 
wholegrain wheat flour in the recipe and at 17% of raw materials moisture content. Range of initial moisture content 
of raw materials had a significant influence on almost all tested parameters. Increasing level of moisture content 
lowered energy consumption, expansion ratio and WAI index, but increased process efficiency, bulk density, 
hardness and chewiness of breakfast cereals. Higher amount of wholegrain wheat flour in the recipe showed an 
influence on the highest hardness and adhesion of breakfast cereals prepared for consumption. Application of 
wholegrain flour instead of bran supplementation may be an easier and a cost-efficient way to process nutritionally 
valuable breakfast cereals with good quality.  
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